The light-harvesting efficiency of a photoactive molecular complex is largely determined by the properties of its electronic quantum states. Those, in turn, are influenced by molecular vibrational states of the nuclear degrees of freedom. Here, we reexamine two recently formulated concepts that a coherent vibronic coupling between molecular states would either extend the electronic coherence lifetime or enhance the amplitude of the anticorrelated vibrational mode at longer times. For this, we study a vibronically coupled dimer and calculate the nonlinear two-dimensional (2D) electronic spectra which directly reveal electronic coherence. The timescale of electronic coherence is initially extracted by measuring the antidiagonal bandwidth of the central peak in the 2D spectrum at zero waiting time. Based on 1
To model the reported 6 coherence, Ishizaki and Fleming have used a parametrized model of the FMO complex 13 , with a rather small reorganization energy of 35 cm −1 to fit the electronic coherence timescale 14 . This value was extracted 15 from flourescence line narrowing measurements at low temperature 16 and does not include high-frequency intramolecular modes. However, even with the small reorganization energy, Shi et al. have calculated the complete 2D spectra and found a much shorter electronic coherence lifetime 17 . They have pointed out that the interpretation of the long-lived coherence could just be due to the intentional magnification of the 2D spectral amplitudes by the deliberately used inverse hyperbolic sine scale. In addition, electronic quantum coherence has been questioned to play any crucial role for the energy transfer as the transport is domainted by largely incoherent exciton relaxation 18, 19 . A critical issue has been the use of an inadequate spectral distribution of the environmental fluctuations. The experimentally determined spectral density with a larger reorganization energy 15 has been used to calculate the dynamics by the quasiadiabatic propagator path integral 18 . There, a local vibrational mode at 180 cm
with a broadening of 29 cm −1 has been included, with a total reorganization energy of 100 cm −1 .
The numerically exact results also show a significantly shorter electronic coherence lifetime. Recent QM/MM-simulations [20] [21] [22] [23] [24] yield site-resolved spectral densities with reorganization energies of 150 to 200 cm −1 .
Thus, theoretical studies showed that pure electronic quantum coherence can not survive under ambient conditions. Motivated by this disagreement, the coherent exciton dynamics in the FMO complex has been reexamined experimentally by 2D electronic spectroscopy 25 . A fit to an
Ohmic spectral density with a broadened high-frequency mode yields a reorganization energy of 3 190 cm −1 . The observed lifetime of the electronic coherence of ∼60 fs is too short to play any functional role in the energy transport, which occurs of the ps time scale.
In addition to the electronic coherence, signatures of the vibrational coherence of the pigmentprotein host can also be accessed on the same spectroscopic footing [26] [27] [28] [29] . Yet, electronic coherence can be distinguished from vibrational coherence 30, 33, 34 . Long-lived pure electronic coherence is unexpected to exist in most light harvesting complexes. However, long-lived vibrational coherence is common and is not expected to strongly affect light harvesting in the first place. 
Here, h g = 1 2
P A/B and Q A/B are the momenta and the coordinates of the two vibrational modes coupled to monomer A and B. We express the vibronic coupling strength between ground and excited state as
, where ∆ is the dimensionless shift of the excited state relative to its ground state. Ω is the vibrational frequency (both modes are taken with equal characteristics). V denotes the electronic coupling between two electronic excited states |A and |B .
For the discussion of the anticorrelated vibrations, it is useful to define new coordinates and momenta according to
, and P ± = 1 √ 2
(P A ± P B ) 36 . Then, the system Hamiltonian can be written as
The two rotated vibrational modes are
given by
) and the projection operators are 1 = n=0,1,2 1 n , with 1 0 = |g g|,
We choose the same parameters as in Ref. 32 for the system Hamiltonian. This dimer mimics one exciton pair of the FMO complex. The bath part will be discussed below (in particular, we do not choose the same parameters of too weak damping, but use our own parameters of Ref. 25 ).
The electronic energy gap is set to E A − E B = 150 cm −1 and the electronic coupling is V = 66 cm −1 . Moreover, the dimensionless vibrational shift is set to ∆ = 0.2236. The pure electronic energy gap without coupling can then be calculated to be ∆E = 200 cm −1 . As in Ref. 32 , we model inhomogeneous broadening by a static Gaussian disorder of width δE = 26 cm 
As usual, p i,α and x i,α are the momenta and the coordinates of the ith bath mode coupling to the electronic state α = A, B. For the electronic part, we choose an Ohmic spectral density with the parameters obtained from fitting the linear spectra of the FMO complex to experimental data, see
Ref. 25 . Notice that these values correspond to much stronger damping than those in Ref. 32 . Thus, each bath is assumed to have its own, but equal spectral density J el (ω) = γ el ω exp(−ω/ω c ), with
The vibrational environment roots in fluctuating nuclear degrees of freedom of the protein and couples to the vibrational displacements Q A or Q B of the mode coupled to the electronic state
8 q i,α and y i,α are the momenta and the coordinate of the ith vibrational bath mode of the state α = A, B. We assume that the vibrational bath has the same spectral density as the electronic bath, i.e., J vib (ω) = γ vib ω exp(−ω/ω c ) but with weaker damping, γ vib = 0.02 and ω c = 350
To disentangle electronic and vibrational coherence, we perform a projection of the electronic wave packet on the reaction coordinate, which allows us to distinguish the vibrational coherence from the vibronic dynamics. We assume the initial wave packet to be in the lowest vibrational state |0 of the electronic excited state |A in the site basis, such that the initial density matrix can be written as ρ(0) = |A, 0 A, 0|. In order to obtain dynamical information, we determine the probability of the wave packet along the reaction coordinate Q − by the time-dependent projection
where P ad k is the probability density of the reaction coordinate andk indicates the electronic state of A or B in the exciton basis (for details of the projection, see Refs. 37, 38 ).
Results and Discussion
We assume 32 that two perpendicular transitions from the common ground state to the two excited states of monomer A and B are possible. Hence, the transition dipole moments are fixed to µ A = µ A e x and µ B = µ B e y with µ A = µ B = 1. Here, e j is the unit vectors in the direction j.
Temperature is set to 300 K, if not stated otherwise. We use the time non-local quantum master equation [39] [40] [41] with the equation-of-motion phase-matching-approach 42 . Details are given in the 9 Supplementary Information Appendix of Ref. 25 .
We first consider the vibronic dimer with resonant vibrational coupling for which we obtain the 2D electronic spectrum shown in Fig. 1(A) (real part) . At waiting time T = 0 fs, the inhomogeneous broadening can be clearly identified because the spectrum is stretched along the diagonal. It disappears within 50 fs (see the time dependent 2D electronic spectra in the SI). The corresponding 2D spectrum of the purely electronic dimer without vibrational modes is shown in Fig. 1(B) . For a quantitative analysis of the dissipative dynamics in the presence of a vibrational coupling, we plot in Fig. 1 (E) the time evolution of the magnitude of the peaks selected in Fig. 1 (A) .
We observe that the dynamics can be clearly separated into two sectors: (i) fast electronic dephas- Off-resonance case Up to here, we have studied the vibronic dimer for the resonant case ∆E = Ω. Next, we investigate the off-resonant case as well and choose Ω = 500 cm −1 . The results are shown in Fig. 2 (A) , the global fitting analysis is shown in the Supplementary Information Appendix. The fast electronic dephasing with the time scale of 69 fs is still present. It agrees with the value of the antidiagonal bandwidth (see the SI). Importantly enough, it coincides with the dephasing time scale of the resonant case. Hence, the fact that the electronic and vibrational dynamics are off-resonant does not affect the conclusion reached for the resonant case. In addition, we show in Fig. 2 (B) the dynamics of the selected peaks for growing waiting times. It shows the same kinetics as in the resonant case: One fast electronic dephasing component is combined with a long-lived vibrational coherent component with a small amplitude. Again, we perform the Fourier transform of the residuals and plot the spectra of each peak in Fig. 2 (C) . We again find one broad band with a maximum at 200 cm −1 , which manifests the fast electronic dephasing and coincides with the lifetime of ∼ 70 fs resolved by the global fitting approach. One clearly separated narrow peak is located at 500 cm −1 with a large magnitude which is associated to the long-lived vibrational coherence. A clear evidence for the purely vibrational (and not vibronic) origin of the peak is that one additional peak can be resolved at ∼ 1000 cm They manifest again the vibrational origin of the coherence. Therefore, we can conclude that, also for low temperature, the long-lived oscillation is just of vibrational origin. No different mechanism between low and room temperature occurs.
Vibrational dynamics of the monomer In addition to the dimer, we also investigate the monomer where only vibrational coherence is present. In Fig. S5 (B) , we show the time trace of the selected cross peak together with the Fourier spectrum in (C). The spectra are dominated by one peak at the vibrational frequency. An additional peak appears at the position of twice the vibrational frequency. Thus, the same scenario occurs for the monomer as well. We clearly demonstrate that the long-lived oscillations in a vibronically-coupled dimer are just due to the overlap of the short-lived electronic coherence and the long-lived vibrational coherence. Fig. 3 (A) and the corresponding growth in Fig. 3 (B) . By this, the vibrational coherence of the excited states is clearly visible from the oscillations around the potential minimum, see Fig. 3 (A) . The oscillations have a period of ∼ 66 fs, which exactly coincides with the assigned vibrational frequency of 500 cm −1 . Moreover, the population dynamics of the states |Ã and |B is shown in Fig. 3 (C) by summing the wave packet population along the reaction coordinate Q − . Spectral information can be again obtained from the Fourier transform. In Fig. 3 (D) , the vibrational coherence is identified by the narrow peaks at 500 cm −1 and 1000 cm −1 , which coincide with the results from the 2D spectroscopic calculations 13 shown in Fig. 2 . In addition, a broadband background with a maximum at 200 cm −1 and with small magnitude is visible, which again provides evidence of the electronic coherence being short-lived.
The resonant case, with Ω = 200 cm −1 , is addressed in Fig. 3 (E) to (F) . Compared to the off-resonant case, no significant difference occurs. The initial wave packet in the excited state |Ã is transferred to |B over time. The only difference is the vibrational oscillation period of ∼165
fs. The integrated time-dependent populations are shown in Fig. 3 (G) and the associated spectral information in Fig. 3 (H). One narrow peak at 200 cm −1 and one additional peak at 400 cm
with quite small magnitude occur. Also here, the result agrees with the observation of the 2D spectroscopic calculations in Fig. 1 .
Vibronic dimer under weak electronic dephasing Up to here, we have studied realistic parameters of the electronic dephasing and the vibrational damping constants. The possibility remains that for weaker electronic dephasing, the role of a coherent vibronic coupling could be more pronounced. That this is not the case follows from the dynamics of a vibronic dimer in the off-resonant case with Ω = 500 cm −1 under (unrealistically) weak electronic dephasing. For this, we set γ el = γ vib = 0.02, and ω c = 50 cm −1 . The wave packet dynamics projected to the PESs of |Ã and |B is shown in Fig. 4 (A) and (B) , respectively. The purely vibrational coherence can be seen from the wave packet oscillations around Q − = −1.5 with a period of ∼ 67 fs, which coincides with the vibrational period. The electronic coherence is visible in Fig. 4 as a large-amplitude population exchange between the two electronic states. The electronic oscillation period of ∼167 fs corresponds to the electronic energy gap ∆E = 200 cm −1 in the adiabatic basis.
Thus, the large-amplitude exchange is caused by the superposition of the wave packet components on the two PESs. To reveal the oscillation components and their lifetimes, we sum the wave packet components along the reaction coordinate and plot it in Fig. 4 (C) . The Fourier spectrum is shown in Fig. 4 (D) . Even under (unrealistically) weak electronic dephasing, the electronic coherence lifetime is not enhanced by the vibronic components. The same conclusion has been drawn from the study of indocarbocyanine dye molecules 33 . In addition, we find that a strong mixing of electronic and anticorrelated vibrational components of the wavefunction due to strong vibronic coupling does not enhance the vibrational amplitude at long times under ambient conditions. This effect only can occur under unrealistically weak electronic dephasing 32 , Ω = 500 cm −1 , and T = 300 K.
